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Groundwater-surface water interactions can substantially influence the quality of surficial 
water bodies and are thus important when investigating ecological health of and climate 
change impacts on an area.  However, data collection can be hindered when the location is 
remote and/or legally protected.  This paper presents a methodology to implement minimally-
invasive field techniques at a remote and protected location that allows preliminary 
identification of the relationship between groundwater and surface water.  Great Smoky 
Mountains National Park was selected as the study area as it is subjected to some of the highest 
rates of acid deposition in the country.  Ecological damage is evident in several areas, including 
Ramsay Prong, a typical fourth-order stream located on the Tennessee side of the park.  
Ramsay Prong is evaluated on the basis of discharge, water quality, geochemistry, and stable 
isotopes at six points along the channel.  It should be noted that increasing drought conditions 
occurred in the basin over the course of this study, providing an opportunity to evaluate the 
situation of low baseflow.  Results indicate that storage capacity in the headwaters is 
insufficient to supply typical baseflow volume during extended dry periods, whereas sufficient 
alluvium exists at the bottom of the catchment to capture and recharge the basin water 
supply.  A shallow fracture network likely provides long flowpaths for water to travel toward 
the basin bottom.  Furthermore, baseflow is supplied by interflow as well as shallow 
groundwater storage; the portion of baseflow comprised by interflow increases with increasing 
antecedent precipitation.  Diffuse groundwater recharge occurs mainly in the headwaters 
where steep slopes dominate the topography, while focused recharge occurs in bedrock 
depressions within the reaches and at the end of the channel.  These observations, coupled 
with geochemical and isotopic data, indicate that neutralization of acidic inputs is best 
accomplished in the lower elevations of the basin.  It is recommended that future studies 
investigate the ecological impacts of reduced precipitation in terms of acid neutralization 
capabilities along Ramsay Prong. 
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Groundwater-surface water (GW-SW) interactions are vital considerations in developing 
effective water resources management strategies and thus have been the focus of many studies 
over the past 15 years.  The significance of these systems lies in their inherent ability to govern 
water quality and flow in adjacent streams and in the subsurface via geochemical, hydrologic 
and hydraulic activities.  Of principle importance is the finding that GW-SW interactions can 
impact ecological survival, most notably for fish and benthos (Power at al. 1999; Soulsby et al. 
2005; Warren at al. 2005; Boulton and Hancock 2006).  This influence is the result of intense 
physical, chemical, and biological activities occurring within the hyporheic zone, the zone on 
which most research in GW-SW interactions has concentrated (Winter 1995; Sophocleous 2001).  
However, an understanding of GW-SW interactions throughout larger systems, such as a basin 
or watershed, is also important as it facilitates the evaluation of potentially adverse 
widespread impacts of events like irrigation and acid rain.  The ability to predict these 
interactions is thus indispensable. 
 
Numerous attempts have been made to mathematically model large-scale activities between 
groundwater and surface water, but current capabilities cannot always reproduce accurately 
the complexities of natural processes.  Spatial and temporal variations in geology, topography, 
and climate have not yet been resolved numerically and, in some systems, even a conceptual 
understanding is difficult to ascertain.  Moreover, in many locations, construction of a 
conceptual model may not be inhibited by system complexities but by a fundamental step in 
model development: data collection. 
 
Typical methods of hydrologic data collection are not feasible in some areas of the world, 
namely those that are remote or legally protected.  Such locations limit field observations in 
several capacities.  Vehicles may be prohibited or physically unable to reach all areas to be 
evaluated, and some locales may be inaccessible by foot.  Furthermore, protected lands often 
have designated hiking trails from which visitors are not permitted to stray; the stipulations of 
a permit allowing research off of the maintained path may still constrain the investigation.  
Additionally, weather conditions (e.g., rain events, ice, etc.) can cause inaccessibility and/or 
risk for injury.  Overall, these limit investigations of remote and protected study areas in such 
aspects as: the location and number of monitoring sites, the amount and type of data collected 
at each site, the amount and type of equipment able to be implemented, and the longevity of 
the study. 
 
Despite the challenges of performing hydrologic research in isolated and restricted areas, it is 
an imperative task to complete.  These locations, as they are often unaltered from their 
natural state, may not experience environmental burdens from within their boundaries, but 
they can be subjected to environmental stressors from nearby sources.  In particular, air 
emissions from coal-fired power plants, factories, and vehicle exhaust result in acid deposition 
that can be carried by jet streams to otherwise pristine locales.  One place that exemplifies 
this situation is the Great Smoky Mountains. 
 
In the Great Smoky Mountains National Park (GSMNP), characterizing hydrologic flow regimes is 
an important step in evaluating the effects of acid deposition and drought.  GSMNP is subject 
to some of the highest rates of nitric (NO32-) and sulfuric (SO42) acid precipitation in the United 
States (Lindberg and Lovett 1992), caused by nearby power plants, factories, and automobiles.  
In recent years, streams and soils in the park’s higher elevations have experienced especially 
intense acidification (Silsbee and Larson 1982; Shubzda et al. 1995) which now may be injuring 
ecosystem health (Flum and Nodvin 1995; Nodvin et al. 1995).  Furthermore, the summer of 
2007 has brought severe drought to the region (National Drought Mitigation Center 2007), 
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potentially attributed to global climate change.  It is now critical that the hydrology of these 
areas be studied in order to understand (1) the role of groundwater in neutralizing acid fluxes, 
and (2) current ecological and geochemical equilibrium at baseflow.  Both of these realizations 
will aid in investigating the impacts of continued acid deposition as well as permanent climate 
change.  However, such investigations are complicated by two main features of the region: 
mountainous terrain and fractured rock.  These not only limit field work but also make difficult 
prediction of hydrologic behavior.  Coupling this with the fact that GSMNP is remote and 
protected, the challenge in the task at hand is evident. 
 
The purpose of this study is to characterize large-scale GW-SW interactions using hydrologic, 
geochemical, and stable isotope data collected at several points along a main channel in 
GSMNP.  A methodology is presented to describe baseflow patterns within subbasins of an area 
that is both remote and legally protected, a situation greatly limiting data availability.  
Specifically, Ramsay Prong of the Middle Prong Little Pigeon River Watershed is evaluated.  An 
understanding of the relative groundwater contribution and hydrologic regime of each basin 
under baseflow conditions will provide insight with regard to geochemical and ecological stasis.  
This information will be useful to future studies of acid deposition and climate change impacts 





2.1 Controls of Groundwater-Surface Water Interactions 
The primary step in developing a conceptual model is to identify the major controls on the 
process of interest.  In the most direct sense, regional GW-SW activities are regulated by the 
water table configuration (i.e., the water table height compared to the elevation of the 
adjacent phreatic surface) and subsurface permeability (Freeze and Witherspoon 1995).  
However, these are governed by three rudimentary aspects of a particular region—climate, 
geology and topography—each impacting flow in unique yet somewhat overlapping capacities.  
Climate controls the amount of water on the earth’s surface, while geology and topography 
direct the movement of water (Winter 1999).  The degree of influence each exhibits is a 
function of location and time and can also vary by hydrogeologic scale.  Thus, comprehension 
of the basic mechanisms by which these three affect GW-SW interactions is essential to 
modeling endeavors.  Winter (1999) and Sophocleous (2002) provide comprehensive 
explanations of these activities, but a brief overview is presented below. 
2.1.1 Climatic Impacts 
Climate can influence water table elevation thereby altering flow direction, particularly on a 
local scale.  For shallow aquifers, such as those adjacent to surface water, the phreatic surface 
elevation is reduced through transpiration and drought, while precipitation events raise the 
water level (Winter 1999; National Research Council 2004).  As stated previously, these events 
also imply control of flow direction; droughts trigger groundwater upwelling, and precipitation 
events result in surface water seepage and aquifer recharge (Winter 1999).  It should be noted 
that all of these activities result in only short-term trends.  As groundwater is especially stable 
on a temporal basis, a change in weather patterns must endure decades to centuries before a 
significant modification in groundwater flow regime materializes (National Research Council 
2004).  Thus, short-term climate variations can impact aquifer recharge and discharge rates 
only briefly, implying that the longevity of these climate-altered GW-SW interactions is also 
ephemeral. 
2.1.2 Geologic Effects 
Geology dictates subsurface flow and transport, or, more specifically, the rate and extent of 
GW-SW exchange (Morrice et al. 1997).  Due to natural variations in geologic properties, such 
as porosity, grain-size, mineralogy, and soil saturation, an aquifer’s hydraulic conductivity as 
well as storage capabilities can exhibit a broad range of values.  This is especially true in areas 
comprised of fractured rock.  One of the main challenges in modeling hydrologic activities in a 
location comprised of fractures is scale.  A regional study may capture a large fracture network 
that does not uniformly extend throughout the watershed, and down-scaling observations could 
lead to overestimation of subsurface flow (if the local site of interest is not connected to the 
main fracture network).  Similarly, observations from a local study cannot be accurately 
extrapolated to a regional perspective (Nastev et al. 2004; National Research Council 2004).  It 
is therefore the scale of the problem that determines the extent of the geology for which to 
account (Eaton 2006). 
 
Effects of geologic heterogeneity also apply to processes at hydrologic boundaries, manifesting 
as recharge and discharge that are either diffuse or focused.  In general, diffuse flux is supplied 
by porous media (e.g., soil), while gaping features, such as rock fractures and karst, promote 
focused flow.  Focused recharge, in particular, is also generated by surficial depressions and 
unsaturated zones (National Research Council 2004).  Furthermore, as fracture networks are 
not always connected to the land surface, these discrete flowpaths can control the exact 
location of recharge and discharge; streamflow can disappear into a fracture and not emerge 
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for miles.  Hence, the geology of any location greatly influences the rate of flow both into and 
out of the system. 
2.1.3 Topographic Influences 
Topography manipulates flow due to changes in hydrological response with landscape geometry 
(Hilberts et al. 2004).  Mountainous terrain is unique in that, due to a non-horizontal geologic 
boundary, it has the ability to generate flow.  Studies show that surficial runoff mainly depends 
on the amount of precipitation and antecedent soil moisture (i.e., soil moisture prior to a 
precipitation event) (Buttle et al. 2004; Tromp-van Meerveld and McDonnell 2006a; Tromp-van 
Meerveld and McDonnell 2006b).  Yet, it is not simply the external land slope that controls flow 
generation down the hillslope; the internal geologic features and overlying soil thickness also 
contribute.  This is well-illustrated through several trench studies of stormflow in mountainous 
terrain.  Most notably, Tromp-van Meerveld and McDonnell (2006a, 2006b), who examined 
hillslope response of 147 storms, concluded that during a precipitation event, bedrock 
depressions fill and may subsequently spill over the downward slope, creating a relatively large 
water flux within the subsurface.  This “fill and spill hypothesis” implies that although 
subsurface flow depends upon total precipitation and soil moisture, these fluxes are also a 
function of bedrock topography (Buttle et al. 2004; Tromp-van Meerveld and McDonnell 2006a).  
Connection of the hillslope to nearby streams can thus be limited by the underlying bedrock, 
particularly when the storage threshold is infrequently attained. 
2.1.4 Combining Controls 
It is within these internal and external hydrogeologic factors that challenges in developing a 
conceptual understanding of the system arise.  Precipitation may be concentrated on the 
mountain front and/or in high elevations due to orographic effects (Wilson and Guan 2004).  
The degree of hillslope can change locally and regionally.  Soil thickness is not always uniform, 
inducing variations in soil moisture with space and time.  Bedrock depressions may store water, 
releasing flow only when certain moisture conditions are attained; a single hillslope may 
exhibit any combination of number and sizes of depressions (Tromp-van Meerveld and 
McDonnell 2006b).  Furthermore, bedrock may contain areas of fractured rock in which case 
the speed and direction of water are dictated by the connectivity and magnitude of the 
fractures and their exchanges with pockets of porous media (Berkowitz 2002).  Coupling all of 
these factors and their arrays of possible values, the difficulty in developing a conceptual 
hydrologic model of a fractured hillslope is evident, particularly when geologic information is 
unavailable or limited. 
2.2 Trends in Groundwater-Surface Water Interactions 
As Sophocleous (2002) and Silvapalan (2003) point out, a need to catalog hydrologic patterns 
based on general combinations of geology, topography, and climate exists.  Such conceptual 
models will not only assist in characterizing simple, homogenous systems but will also facilitate 
a fundamental understanding of the complex ones. 
 
The few studies that have attempted to standardize trends in GW-SW interactions typically 
categorize their results by geology or topography.  The aim has been to compare within similar 
geologic settings (of differing climate and/or topography) and subsequently search for patterns 
between settings.  For instance, Vidon and Hill (2004) examined the links between topography, 
aquifer thickness and geology in glacial outwash.  Results indicated that an increase in hillslope 
produces elevated subsurface fluxes through the riparian zone as well as the prohibition of flow 
direction reversals (surface water to groundwater) during dry periods.  Winter (1999) 
summarizes the effects of climate and geology on GW-SW interactions in an assortment of 
terrains, concluding that although the same fundamental mechanisms (e.g., seepage, 
transpiration, recharge, etc.) may occur in every geology type, the extent and relative 
influence of each process may differ.  This observation is indicative of the need for an 
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extensive library of research, observing all combinations of topography, climate and geology, 
to further the comprehension of GW-SW interactions. 
2.3 Modeling Considerations 
As previously stated, model development is steered by the identified process controls.  A GW-
SW model, in particular, accounts for its controls of climate, geology and topography through 
four elements: scale, landscape (i.e., terrain), heterogeneity and time.  Although ultimately 
based on study site characteristics, selection of the specificities of these elements is 
accomplished by considering the investigation goals.  In this case, a Smoky Mountain watershed 
subbasin exhibiting fractured geology is examined under baseflow conditions.  The following 
addresses the specific needs in developing a conceptual understanding of the region. 
2.3.1 Study Scale 
Objectives of an investigation coupled with physical boundaries define the study scale.  This 
parameter is critical in recognizing the appropriate level of detail to consider; a microscopic 
nuance would not be considered when conducting a regional study. 
 
The scale of a natural flow system can be categorized in one of three hierarchal classes: local, 
intermediate or regional (Tóth 1963).  The main difference in local and intermediate flow 
systems is that while both discharge to a nearby water body, intermediate flow systems include 
at least one topographic high and low situated between the main recharge and discharge 
locations.  It should be noted that these topographic maximum and minimum are not the major 
topographic high and basin bottom, respectively; such extremes are boundaries of the regional 
flow system (Tóth 1963). 
 
The Middle Prong Little Pigeon River Watershed is a regional flow system.  However, as only 
the area directly surrounding Ramsay Prong is examined, the study scale is classified as 
intermediate. It is further divided into smaller segments, termed subbasins, to analyze 
macroscopic local interactions. 
2.3.2 Hillslope Hydrology 
The principal concern in modeling mountainous terrain is accurately describing the distribution 
of aquifer recharge and discharge.  In a system exhibiting significant topographic relief, 
recharge (i.e., precipitation) concentrates in higher elevations (Winter 1999; Wilson and Guan 
2004), while discharge materializes in lower elevations as streamflow or springs (Winter 1999).  
In effect, water is funneled downhill and collects in a lower area of the system (Winter et al. 
1998).  Consequentially, recharge can also come from streamflow, particularly when the 
hydraulic head of the channel exceeds that of the adjacent water table (Winter 1999). 
 
Due to the funneling of water to lower elevations (Winter 1999; Winter et al. 1998), the type of 
aquifer recharge can change throughout the basin.  Diffuse (i.e., dispersed) infiltration may 
dominate in higher altitudes where precipitation is distributed and the sloping terrain mitigates 
pooling.  On the other hand, focused (i.e., concentrated) aquifer recharge occurs at lower 
elevations because—due to the retreating hillslope—the water is captured and ponds.  These 
patterns can be enhanced by poor storage qualities of the upstream subbasins compared to 
typical alluvium found at the base of a hillslope. 
 
The Ramsay Prong basin is located within an area of substantial topographic relief, indicating 
that precipitation may vary spatially.  However, as this investigation evaluates baseflow 
conditions only, a quantitative assessment of precipitation is irrelevant.  Instead, data from 
proximate weather monitoring stations are used for qualitative analysis.  Patterns in 
streamflow are implemented to identify areas of diffuse and focused groundwater recharge. 
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2.3.3 Fractured Flow 
Flow through fractured rock differs from flow through porous media in three key, 
interconnected facets: storativity, geochemical signature, and flux type (Mayer and Sharp 
1998).  The underlying premise that joins these elements is the fact that fractured rock 
provides uninhibited flowpaths for water to travel.  As such, hydraulic residence time (storage) 
is relatively brief in shallow aquifers (i.e., depths at which GW-SW interactions mainly occur), 
prohibiting extensive reactions between the rock-water interfaces.  This indicates that—
assuming precipitation contains a negligible amount of dissolved mineral species—the 
concentration of ions in water from fractured networks is typically less in comparison to water 
from deep aquifer storage or porous media; geochemical equilibria are unattained with such 
brief residence time. 
 
With regard to flux type, uninhibited flowpaths facilitate focused recharge and discharge, as 
opposed to diffuse flux exhibited by porous media.  Such discrete fluxes may be indicated by 
significant changes in streamflow (magnitude and geochemistry) over a short reach length.  
However, beyond a local scale, flow is dictated by the connectivity and density of fractures 
(Berkowitz 2002), indicating two pertinent concepts.  First, storage in a fractured system can 
be highly variable on a spatial basis.  Second, as fractured rock can allow significant vertical 
flow (increasing with fracture size) (Oxtobee and Novakowski 2003), water can be routed to 
unpredictable locales, even across hydrologic divides, or can be lost to deep aquifers.  Thus, an 
observed loss in channel discharge may not reappear in the same stream or even same basin, 
and, similarly, a gain of streamflow may not have sourced from the stream under investigation 
(Tóth 1963; Winter et al. 1998).  Considering these possibilities, any characterization of GW-SW 
activities must begin by locating fractures and realizing their connectivity.  However, an 
underlying problem currently exists here: fractures cannot be directly measured.   
 
Aerial photographs, core samples, fractured outcrop observations, tracer tests, and geophysical 
techniques are helpful tools for delineating fracture networks but are incomplete.  Models, 
therefore, rely on assumptions and extrapolations that may not accurately describe the 
fractured region as local observations may not represent regional trends.  Even in well-
understood systems, the irregularities of fractures and fracture networks inhibit up-scaling of 
observations (Nastev et al. 2004).  It is thus the limited amount of collectable data that 
impedes comprehension of fractured flow.  However, a conceptual hydrologic model in such a 
complicated system is often a primary necessity, particularly places that are experiencing some 
type of environmental burden.  For instance, areas of rapid flow may not be able to mitigate 
the effects of acid rain.  GSMNP may typify this condition. 
 
As Mayer and Sharp (1998) point out, a priori knowledge of the locations and sizes of fractures 
can significantly enhance these modeling endeavors, particularly in highly erratic fracture 
networks.  For this work, geologic maps of soil and bedrock in addition to field observations are 
implemented to infer the existence and potential regional patterns of fractures in the domain.  
Coupled with geochemical analyses, isotopic concentrations and discharge observations, this 
knowledge will aid in locating areas of groundwater contribution to the channel. 
2.3.4 Time Scale 
Two temporal categories of groundwater-surface water interactions exist: short-term and long-
term (Mitchell-Bruker 1996).  While predictions of short-term interactions are important for 
predicting stormflow, modeling long-term processes illustrates overall groundwater flow as 
well as average baseflow in stream networks.  This study characterizes only long-term, steady-
state interactions as it is the project goal to examine baseflow patterns.  Such investigation 




3. Field Investigations 
 
The site chosen for investigation is the Ramsay Prong of the Middle Prong of the Little Pigeon 
River, located in the Greenbrier Valley (Middle Prong Little Pigeon River Watershed) of eastern 
Tennessee (Sevier County).  Figure 1 illustrates the location of this catchment with respect to 
GSMNP. 
 
This region is part of Great Smoky Mountains National Park and is a wilderness-designated area 
accessible only by a steep maintained foot trail.  The particular reach under investigation lies 
approximately 6 miles west of Gatlinburg.  It begins at the Ramsay Cascades—elevation 1300m 
(4280ft)—and extends to the intersection of Ramsay Prong and Middle Prong—elevation 950m 
(2620ft).  Forests chiefly comprised of hickory, oak, and yellow pine species—untouched for the 
past century—fill the basin.  Climate in this region is temperate.  Annual precipitation averages 
138-216cm (55-85in) per year, increasing with altitude.  Temperature typically ranges from -
10°C (13°F) in the winter to 30°C (85°F) in the summer (National Park Service 2006). 
 
The Ramsay Prong basin is surficially comprised of Ditney-Unicoi-Spivey soils, thin, sandy loams 
typically less than 1m (3.3ft) thick characterized by moderately rapid permeability and medium 
surficial runoff, while the underlying bedrock consists of Thunderhead Sandstone (Soil Data 
Mart 2007).  As described by the USGS (Southworth 2005), Thunderhead Sandstone is thickly-
bedded, fine-grained conglomerate with graded beds of coarse-grained metasandstone that are 
interbedded with dark-colored metasiltstone.  The dominant minerals within the formation are 
quartz and potassium feldspar (i.e., K-feldspar).  Boulders of dark-colored slate and dolomite 
occur locally. 
 
Ramsay Prong is a typical fourth-order, high-gradient mountainous stream.  The section of 
interest begins at the base of Ramsay Cascades, an 18m (60ft) high wall of Thunderhead 
Sandstone dipping away from the base at approximately 30 degrees (Moore 1995).  Colluvial 
and alluvial boulders spot the stream bed and outline the banks, slightly reducing in number 
and size toward the confluence of Ramsay Prong and Middle Prong.  At present, only a portion 
of the surficial deposits in the Ramsay Prong basin have been mapped (Soil Data Mart 2007).  
The incomplete data does show, however, that the site just before the confluence with Middle 
Prong (S7) sits in a fan of Pleistocene alluvium.  Also illustrated by the data is that two of the 
middle sites (S3, S4) are dominated by Holocene and Pleistocene colluvium.  From observation 
during field work and extrapolation from USGS data, the other two middle sites (S5, S6) exhibit 
the same, while the site at Ramsay Cascades (S2) is characterized by large sandstone outcrops 
and colluvium. 
 
It should be noted that at the time of this study Eastern Tennessee, including Middle Prong 
Little Pigeon River Watershed, transitioned from an abnormally dry period to a state of 
extreme drought (National Drought Mitigation Center 2007).  This implies that the quantitative 
values of this study may not illustrate the stable trends of the past but a transition into a drier 
climate.  However, flow patterns should be similar as the drought has endured only a few 
months; tens to hundreds of years are required for significant changes in hydrologic flow 
regimes to occur (National Research Council 2004). 
3.1 Monitoring Sites 
For this study, Ramsay Prong is divided into subbasins based on the location of major inputs to 
the stream.  These inputs were determined as: Ramsay Cascades, two tributaries along Ramsay 





Figure 1. Location of Ramsay Prong in Great Smoky Mountains National Park, Eastern 
Tennessee.  Tennessee regional map (left) accessed from 
http://wwp.greenwichmeantime.com/time-zone/usa/tennessee/map.htm.  Great Smoky 







directly downstream of the cascades (S2), upstream and downstream of the tributaries (S3, S4, 
S5, S6), and upstream of the confluence (S7), producing six monitoring points and thus six 
subbasins along the reach. Tributary 2 (T2) is located between S3 and S4, while Tributary 3 
(T3) sits between S5 and S6.  A monitoring station just below Tributary 1 (T1) was also desired, 
but the area proved unreachable for safety reasons. Furthermore, a site (S1) above Ramsay 
Cascades was also considered but found unreachable due to the trail’s culmination and ensuing 
hazardous terrain (e.g., steep slope and rock walls).  Figure 2 describes the monitoring 
locations. 
 
Water samples were also collected from Tributaries 1, 2 and 3, as well as a spring located 
approximately midway between S6 and S7.  It should be noted that only T1 was sampled on all 
three monitoring events.  The spring had dried up after April, and it was not thought to sample 
T2 and T3 until August. 
 
As depicted by the U.S. Geological Survey’s digital elevation model (DEM) used to create Figure 
2, two additional tributaries appear to exist just downstream of S4.  However, these channels 
were not found in the field.  It is therefore assumed that the DEM lines represent minor 
drainage paths (i.e., wet weather conveyance) that materialize as springs or seeps along the 












Figure 2. Monitoring site locations along Ramsay Prong and topography of the region. 
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3.2 Data Collection Methodology 
Information describing Ramsay Prong basin was garnered through online databases as well as in 
the field.  Stream discharge, water quality parameters, and concentrations of major ions and 
isotopes were interpreted from site measurements, while precipitation was approximated from 
nearby weather stations.  Drought conditions were assessed from the U.S. Drought Monitor 
(2007).  At least 48 hours were allowed after a storm event before collecting data in order to 
ensure that baseflow conditions had returned. 
3.2.1 Stream Discharge Measurement 
Streamflow data was collected along Ramsay Prong on several days dispersed throughout the 
2007 field season.  Velocity and depth were measured to calculate discharge as per the USGS 
Six-Tenths-Depth method (Buchanan and Somers 1976).  These parameters were recorded at 
intervals of 0.3m (1ft) or 0.6m (2ft) across Ramsay Prong, depending on the local width of the 
stream; a wide section was observed at the greater interval.  Depth was measured with a round 
wading rod and velocity by a portable flow meter (FLO-MATE Model 2000, Marsh-McBirney, Inc.) 
attached to the submerged end of the wading rod.  Discharge was subsequently estimated as 
the area under the curve on the plot of distance from bank (x) against velocity (y). 
3.2.2 Characterizing Water Quality 
Water quality parameters were quantified with a YSI Hydrolab (Model 556 MSP), as reported by 
Owen (2007).  Values for water temperature, pH, dissolved oxygen, and conductivity were 
recorded once at each site during each visit.  This was accomplished by placing the probe at a 
position in each cross-section that allows it to be fully submerged yet not in contact with the 
stream bed, stream banks, or any obtrusion (i.e., boulders) within the stream.  In essence, the 
probe was in forward-flowing, relatively deep water.  It should be noted that the pH meter did 
not seem to function properly, so the values reported in this document are those of the 
collected water samples (described below) as measured by the laboratory at the University of 
Tennessee. 
 
A water sample was collected at each of the six monitoring points for laboratory analysis of 
acid neutralization capacity (ANC), conductivity, pH, major ions (Ca, Mg, Na, K, NH4, SO4, NO3, 
Cl), total silica (Si) and trace metals (Al, Cu, Zn, Fe, and Mn), as well as stable oxygen (O-18) 
and hydrogen (deuterium) isotopes, 18O and 2H, respectively.  Values for each of these 
parameters, except the isotope concentrations, were originally reported in Owen (2007).  ANC, 
conductivity, and pH were measured with a Mantech PC-Titration Plus instrument.  Anions were 
evaluated with a Dionex Ion Chromatograph, while cations and metals are analyzed with a 
Thermo-Elemental iris Intrepid II ICP.  A Finnigan Delta Plus, dual inlet, coupled with an 
Equilibrator Mass Spectrometer measured the stable isotope concentrations, reporting as per 
mil (‰) deviations (δ) from the international Vienna Standard Mean Oceanic Water (VSMOW).  
Precision is at least 0.05‰ for O-18 and at least 1.0‰ for deuterium. 
3.2.3 Precipitation and Drought Assessment 
Precipitation data is collected by the National Park Service (NPS) weather stations at several 
locations throughout the park.  However, only two of these stations are located nearby Ramsay 
Prong, and regionalization techniques would be unfounded, particularly because both stations 
sit on the western side, prohibiting accurate extrapolation to the basin. Precipitation was thus 
evaluated on a qualitative basis only. 
 
The U.S. Drought Monitor (2007) has been implemented to assess the hydrological state that 
the region (i.e., Sevier County, TN) experiences during the investigations.  This tool rates an 
area on a hierarchal scale of drought severity.  From least to most severe, the categories are: 
Abnormally Dry (D0), Moderate (D1), Severe (D2), Extreme (D3), and Exceptional (D4).  These 
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correspond to Palmer Indices of -1.0 to -1.0, -2.0 to -2.9, -3.0 to -3.9, -4.0 to -4.9, and -5.0 or 
less, respectively (U.S. Drought Monitor, 2007).  Note that the U.S. Drought Monitor is not 
simply a qualitative representation of the Palmer Index but is an assessment of several indices, 
including the CPC Soil Moisture Model, Standardized Precipitation Index, USGS Weekly 
Streamflow Percentiles, and Short-Term and Long-Term Drought Indicator Blends (National 






4.1 Data Collection Events 
Field data was collected on three days dispersed throughout the 2007 field season: April 10, 
July 10, and August 7.  Data was also to be gathered in mid February, but icy conditions in the 
stream presented too great of a risk for injury, and no information was able to be safely 
obtained.  It should be noted that a storm event in the afternoon of July 10 prohibited 
monitoring sites 5 and 6 from being sampled; the rain began before the sites were accessed.  
Information from the other sites on this date is presented as it is still valuable. 
4.2 Subbasin Morphology 
In order to explain observed flow patterns in the Ramsay Prong basin, each stream reach must 
be characterized in terms of geology, topography, and relative size.  Table 1 presents physical 
descriptions of each subbasin based on field observations, soil maps from the Natural Resources 
Conservation Service Soil Data Mart (2007), and the USGS DEM pictured in Figure 2. 
 
It is apparent that the higher elevations are characterized by relatively steep slopes and a 
predominance of large boulders and rock outcrops.  Moving down in the basin, slopes flatten 
out, and a layer of weathered residuum develops.  These observations imply that storage in the 









Table 1. Surficial geology, elevation difference (ΔE), mean slope, and drainage area (A) per 
squared channel length (x2) between monitoring sites along Ramsay Prong. 
 
Reach* Surficial Geology ΔE (m) Mean Slope (%) A/x2 
 many rock outcrops & large boulders 
S2+ 
 very thin layer of soil 
707 15.2 0.16 
 upstream contains many rock outcrops & 
large boulders with a thin layer of soil 
 transitions to colluvial debris and a 
S4-S2 
somewhat thicker soil layer downstream 
360 22.0 0.84 
 dominated by colluvial debris 
S6-S4 
 thin soil layer 
27 3.90 7.85 
 upstream is comprised of colluvial debris 
with a thin soil layer 
 transitions to an alluvial fan downstream 
S7-S6 
with a slightly thicker soil layer 
119 12.3 0.93 




As this study analyzes baseflow, the magnitude of precipitation is only important with regard to 
the drought.  Thus, data is reported in a predominantly qualitative fashion.  Chemistry of 
rainwater is also important as it is required to understand the chemical evolution of water in 
Ramsay Prong basin. 
4.3.1 Drought Considerations  
Drought conditions began to immerge at the beginning of February 2007 when the U.S. Drought 
Monitor first ranked Sevier County as abnormally dry.  A week later, the status increased to 
moderate, implying low well levels and developing water shortages, and remained there until 
the first week of May (U.S. Drought Monitor, 2007).  However, field investigations on April 10 
most likely occurred under normal baseflow conditions as the drought had not yet significantly 
impacted the region.  However, by the first week of May this rating had jumped two categories 
to extreme—meaning widespread water shortages or restrictions (U.S. Drought Monitor, 2007), 
and have not yet changed.  This indicates that investigations carried out on July 10 may 
illustrate reduced baseflow.  As the extreme categorization continued through to the final field 
day, data from August 7 may illustrate even lower baseflow conditions.  Again, despite the 
reduced baseflow situation, dominant GW-SW exchange patterns have most likely not been 
altered. 
4.3.2 Historic Patterns & Current Observations 
Precipitation data is estimated based on the most proximate weather stations to Ramsay Prong 
basin.  Records from a University of Tennessee field monitoring site near S6 are utilized to infer 
throughfall chemistry along the channel; these values are located in Appendix A.  Precipitation 
volume is approximated from data collected at GSMNP Headquarters at Sugarland Center—
elevation 541m (1775ft)—and Newfound Gap—elevation 1566m (5138ft).  However, a complete 
data set for rainfall volume over the period of investigation was inaccessible, so records from 
the University of Tennessee’s Gatlinburg weather station are used for qualitative assessments.  
Sugarland Center, Newfound Gap, and Gatlinburg are shown in Figure 1. 
 
Except for the Gatlinburg setting, the stations’ altitudes capture the elevations of this 
investigation’s monitoring sites (950-1300m), indicating that the recorded data represents the 
range of precipitation to which the basin is most likely subjected.  Gatlinburg precipitation 
data is used only as a reference to the relative amount of precipitation Ramsay Prong basin 
may have received.  The NPS record for total monthly precipitation averaged over more than a 
decade is plotted against the 2007 monthly totals in Figure 3.   
 
Since Gatlinburg precipitation generally follows the historic magnitudes and trends at 
Sugarland Center, the former station can be used to predict the amount of precipitation 
incurred by the basin.  For the study, this parameter is assumed to follow the patterns seen at 
Gatlinburg with volume of precipitation increasing roughly linearly with altitude.  On average, 
the basin received probably only half of its usual amount of precipitation over the course of 
this study.  Drought conditions are thus evident.  
 
Under the assumption that precipitation increases linearly with elevation, it follows that the 
amount of dissolved species, such as nitrate and sulfate, found in stream water would also rise 
with altitude.  A year-long study conducted in the Noland Divide Watershed of GSMNP indicated 
that although this assumption was true for sulfate, total inorganic nitrogen (NO3- and NH4+) was 
significantly greater in the lower site (located at ~1740m) (Shubzda et al. 1995).  This 
observation was attributed to a superior rate of canopy uptake in the upper site (located at 
~1920m).  In the current study, because throughfall is measured at the second lowest site (S6) 









January February March April May June July August
Month
Newfound Gap Average Total 1992-2004 Newfound Gap Total 2007 (Data available through April)
Sugarland Center Average Total 1992-2004 Sugarland Center Total 2007 (Data available through April)













Figure 3. Historic monthly average precipitation and 2007 total monthly precipitation 







study (~1300m versus ~200m, respectively), total nitrate measured here is considered the 
maximum possible within Ramsay Prong basin.  Similarly, recorded concentrations of sulfate 
and all other dissolved species in throughfall are considered minimums such that Ramsay 
Cascades was subjected to the greatest rates of deposition.  Similarly, it is assumed that pH 
decreased with increasing altitude.  Throughfall chemistry records are found in Tables 19-21 in 
Appendix A. 
4.4 Streamflow 
As expected, stream discharge typically increased: (1) at a point directly following a tributary 
and (2) overall from S2 to S7.  Streamflow between observation days at each site showed 
obvious variation moving downstream with a particularly large magnitude at S7.  Such apparent 
temporal fluctuations occurred in the tributary flow magnitudes, as well.  These variations are 
typical when headwaters are underlain by a low permeability geologic unit (Winter 2007).   
Figure 4 presents the discharge trends of Ramsay Prong during the course of the study. 
4.4.1 Patterns in the Main Channel 
Although the magnitude of streamflow increases overall from the top of the basin to the 
bottom, each subbasin does not necessarily exhibit an increase in discharge.  Flow in the 
headwaters (S2-S3), in particular, is relatively stable during the months when the drought was 
most prominent (i.e., July and August).  However, in April, prior to extended drought 
conditions, baseflow was relatively low.  This occurrence was most probably the result of 
groundwater storage depletion due to insufficient recharge; total monthly precipitation was 
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substantially low—even exhibiting  a value of zero—during early spring.  Supporting this claim is 
the observation that baseflow at S2 climbed in July (after storage replenishment by June storm 
events) but had dwindled by August (when the prior month’s rainfall was much less than 
average) to a discharge between those of July and April.  Nevertheless, the headwaters are 
able to supply at least some baseflow even during severe drought, potentially sourcing from an 
area above S2; uninterrupted flow over the cascades was observed during all three monitoring 
days as well as during the February investigation. 
 
The relatively large decline in discharge between S2-S3 from April to August implies that 
another mechanism influences flow in this subbasin.  As this pattern is strictly temporal, the 
reduction in additional flow may be attributed to drought.  Specifically, T1 as well as local 
springs experienced diminished flow with extended drought, decreasing or even eliminating 
their baseflow contribution to the main channel.  This lack of additional inputs along the reach 
over time ultimately caused a shorter jump in flow from S2 to S3. 
 
Contrasting flow observations in the reach between S4 and S5 reveal a key attribute of the 
subbasin.  The change between a losing to gaining reach signifies that this is an area where 
groundwater storage cannot always maintain baseflow (Brunke and Gonser 1997; Fetter 2001).  
Since the groundwater reservoir in the basin was low in April, as explained above, water in this 
reach infiltrated as recharge.  By August, the stream had replenished the aquifer, and baseflow 
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S4 and S5 filled even during a time of drought also suggests that flow is being captured here 
without immediate release downslope.  This pattern is reflected by the change in discharge 
over the final reach (S6-S7), as well.  During losing conditions, the final streamflow (at S7) 
recovered by only a small amount, while gaining conditions displayed a markedly elevated final 
discharge.  Such a climb in flow is attributed to the fact that baseflow was being supplied (not 
recharging) along reach S4-S5.  Although July data is incomplete, its trend from S4 to S7 
suggests a refilling aquifer, as well.  Flow does not completely recover in this case, though, 
illustrating that the volume of stored water had been even more depleted.  These trends are 
similar to observations by Tromp-van Meerveld and McDonnell (2006a; 2006b) and imply that 
their Fill and Spill Theory may be applicable to this Smoky Mountain basin.  In effect, a large 
storage area (i.e., bedrock depressions, a fractured rock unit, etc.) between S4 and S6 must fill 
(and subsequently spill over) before the remaining portion of the catchment has a continuous 
hydrologic link to the upper parts of the basin.  Furthermore, the relative stability in August 
discharge implies a greater contribution of storage from the saturated zone than during the 
other monitoring dates (Winter 2007). 
 
Despite being subjected to the smallest volume of antecedent precipitation, the August 
monitoring event was characterized by the greatest volume of streamflow at the bottom of the 
basin.  Such an observation appears counterintuitive but was confirmed with visual 
observations during the field investigations: the average recorded water depth was at least 
three times that seen in April or July.  This implies that a delaying mechanism exists between 
the headwaters and catchment bottom, again pointing to the idea that Tromp-van Meerveld 
and McDonnell’s (2006a; 2006b) Fill and Spill Theory applies to Ramsay Prong basin.  In April 
and July, the storage was not at capacity, so the stream reach lost water to the area, and the 
basin bottom (i.e., S7) received little to no flux of water from the capture region.  However, 
between July and August, high-elevation interflow coupled with additional precipitation had 
worked its way to the lower altitudes and filled the storage area.  Thus, in August, the 
hydraulic head in the storage met the unsaturated zone such that the stream gained water. 
 
The differing rates of change in discharge between reaches S2-S3 and S4-S5 are attributed to 
basin morphology.  Specifically, these differences are due to slope and soil cover.  In the higher 
reach (S2-S3), the average slope is over five times greater than that of the lower reach (S4-S5) 
and is characterized by a thin layer of sandy loam underlain by solid rock (Soil Data Mart 2007).  
As Fetter (2001) points out, such a circumstance facilitates rapid fluxes down the hillslope.  In 
contrast, water slows and even ponds in the lower reach due to a combination of flatter slopes 
and the relative abundance of weathered rock residuum.  This creates an opportunity for 
considerable exchange between the surficial water and subsurface storage components, 
particularly if the storage unit is shallow. 
 
The discharge pattern can be minimally ascertained by stage data garnered at the UT field 
monitoring station situated approximately 0.1mi downstream of S6. Records from this 
investigation, as shown in Table 14 and Table 15 of Appendix A, indicated that the flow at S6 
was higher in August than in April.  Stage measurements by the UT field station confirm this, as 
seen in Figure 16 of Appendix A.  Since no data was able to be obtained in July at S6, no 
comparison of the manual records with the monitoring station value can be performed. 
4.4.2 Tributary Trends 
It is assumed that the flow contribution of a tributary to Ramsay Prong is the difference in 
discharge between monitoring sites directly surrounding the tributary.  In other words, the flow 
difference between S3-S4 is T2’s input, and the flow difference between S5-S6 is T3’s input.  




In April and July, when high elevation springs and streams had not yet dried, T2 flowed 
soundly.  However, by August, the volume of T2 was reduced because of drought conditions, 
just as the springs along S2-S3 had dried. 
 
Tributary 3 displayed constant flow during early spring as well as in August. Similar to 
streamflow trends, August streamflow did exhibit a higher volume, implying again that the 
amount of stored water had risen. 
4.5 Geochemistry & Water Quality 
4.5.1 Water Quality 
Water quality parameters for the main channel, tributaries, and spring exhibited generally 
steady trends while moving downstream; they appear in Figures 5, 6, and 7.  The data 
implemented to create these plots is located in Owen (2007) 
 
The small spatial decrease in conductivity, despite an overall rise in mass loading rate, simply 
reflects a slight drop in total ionic concentration, while on a temporal basis, the rise of 
conductivity with greater antecedent precipitation indicates that larger masses of dissolved 
species are flushed into baseflow with increasing volume of antecedent precipitation.  Coupling 
these observations, it is not surprising that the highest elevations exhibit the greatest 
conductivity as these areas receive a larger amount of precipitation and thus a larger mass of 
dissolved species.  This is contrary to a study to assess the mean catchment properties in 
GSMNP that observed no significant trend in conductivity with altitude (Silsbee and Larson 
1982).  However, conductivity in the present study changed so minimally, it may be concluded 
that no statistically significant pattern was observed. 
 
The ANC rose from the top of the basin to the bottom because of geologic differences between 
these areas.  Brief residence times in the higher altitudes (caused by steep slopes and shallow 
soil depths) do not facilitate neutralization capabilities, whereas delayed flow (caused by 
flatter terrain and deeper pockets of colluvial/alluvial debris) in the lower parts of the basin 
induce longer residence times, whereby acidic inputs are more apt to be neutralized via 
geochemical exchanges.  Additionally, temporal trends signify that the composition of baseflow 
during drought (i.e., August) is more effective at neutralizing acidic inputs than that during 
wetter conditions.  This change in composition may indicate that the main source of baseflow 
changes with antecedent precipitation; relatively wet conditions enhance baseflow 
contribution from interflow, while drier conditions (which exhibit reduced interflow volume) 
result in a greater percentage of baseflow sourcing from saturated zone water.  Actual values 
of ANC are comparable to those found by Cook et al. (1994) in a study of five GSMNP streams 
and by Carline et al. (1992) on Pennsylvania’s Northern Appalachian Plateau, an area similar in 
topography, geology, and vegetation to the Ramsay Prong catchment.  Flum and Nodvin (1995) 
reported the same pattern of increased ANC with lower elevation. 
 
Values of pH exhibited consistent spatial variation and an unanticipated temporal pattern.  In 
terms of location, pH climbed with decreasing elevation.  This can be attributed to the low 
ANC in the higher altitudes as compared to the basin bottom; geology nearer to Ramsay 
Cascades does not facilitate buffering of stream water.  This observation is common in basins 
throughout GSMNP (Silsbee and Larson 1982).  Temporal trends are not as straight forward and 
may imply trends in GW-SW interactions.  Despite some of the lowest pH values in August 
antecedent throughfall, the highest pH was seen in August.  Similar throughfall pH was 
observed during March and April, but April baseflow is the most acidic.  Furthermore, July, 
which displayed the highest pH in throughfall (see Appendix A) in addition to the highest 
volume of antecedent precipitation, was characterized by a pH in baseflow that closely 
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Figure 5. Measured pH values in Ramsay Prong, tributaries, and adjacent springs on each 
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Figure 6. Measured ANC in Ramsay Prong, tributaries, and adjacent springs on each 
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Figure 7. Measured conductivity in Ramsay Prong, tributaries, and adjacent springs on each 






baseflow was supplied by a greater percentage of groundwater than that of April.  Second, July 
baseflow did not source from groundwater to any substantial amount (because pH did not 
change from throughfall to streamwater).  It is probably, then, that July and April baseflow 
was comprised of more interflow than in August, with July containing the most.  The range of 
pH values recorded in this study is comparable to those found in other investigations of GSMNP 
(Silsbee and Larson 1982; Flum and Nodvin 1995; Nodvin et al. 1995; Neff 2007). 
4.5.2 Dissolved Constituents 
As previously mentioned, water samples from Ramsay Prong were analyzed for major ions, 
trace metals, and total silica.  Figures 8 and 9 depict spatial concentration trends on each 
monitoring date for major ions and trace metals plus total silica; data used to draw these plots 
was originally reported in Owen (2007). 
 
Due to approximately constant ionic concentrations, mass accretion rates for all species 
predominantly followed the pattern of discharge in Ramsay Prong; Figures 14 and 15 in 
Appendix A display these trends.  However, some ions displayed variation in their magnitude 
both spatially and temporally.  These fluctuations can be attributed to combinations of 
different weathering rates, mobility, biological uptake, and atmospheric deposition. 
 
The most abundant minerals in Ramsay Prong basin can be listed in the following order of least 
to greatest resistance to weathering, as inferred from Berner and Berner (1987) and Appello 
and Postma (2005). 





Figure 8. Concentration trends with distance upstream from Site 7 for major ions in Ramsay 
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Figure 9. Concentration trends with distance upstream from Site 7 for trace metals and 
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Berner and Berner (1987) also point out the relative mobility of major dissolved species, stating 
that aluminum and iron tend to remain sorbed onto soil particles: 
 
Ca ≥ Na ≥ Mg ≥ Si ≥ K >> Al ≈ Fe 
 
Biological activity is also unequal for different nutrients.  Defined as the ratio of an element 
stored annually in vegetation—living and dead—to the annual loss from the area in streamflow, 
comparative biological uptake of major ions are described by Berner and Berner (1987) in 
decreasing order: 
P > N > K > Ca > S > Mg > Na 
 
These three qualitative assessments are keys to understanding patterns of rock-water 
interactions along Ramsay Prong and ultimately describing GW-SW interactions in the basin. 
 
4.5.2.1 Sulfate & Nitrate 
According to Berner and Berner (1987), “clean” air in North America contains no more than 
31μeq/L (0.6mg/L) of sulfate and less than 24μeq/L (1.5mg/L) of nitrate.  The pollution of 
throughfall in Ramsay Prong basin is thus evident (see Appendix A), and the large 
concentrations of sulfate and nitrate in baseflow are unsurprising.  Furthermore, the increase 
in these species with additional antecedent rainwater was also expected as a greater mass of 
acidic inputs entered the system.  In the same respect, higher headwater concentrations of 
nitrate and sulfate were anticipated as precipitation typically increases with elevation in 
mountainous terrain (Wilson and Guan 2004). 
 
Sulfate can also source from slate dissolution and subsequent oxidation of iron sulfides (e.g., 
pyrite), but the unusually high rate of anthropogenic sulfate deposition most likely masks this 
effect, if it occurs at all.  However, despite the substantial source via precipitation, sulfate 
measured in Ramsay Prong is particularly low when compared to literature values.  This is not 
an uncommon field observation, though, as Berner and Berner (1987) explain, and has been 
attributed to bacterial reduction of sulfate to hydrogen sulfide (H2S) and sorption onto soil 
particles. 
 
Besides atmospheric deposition, nitrate is produced by nitrification of ammonium.  Since 
manure is the chief source of ammonium, it is most probable that acid rain is the supplier of 
nitrate in this case.  The spatial and temporal distributions, as described above, bolster this 
theory. 
 
4.5.2.2 Potassium Feldspar Weathering 
Since the bedrock in Ramsay Prong has been identified as potassium feldspar, concentrations of 
potassium, aluminum, and silica will reveal areas where the source of baseflow has greatest 
interaction with either the clay saprolite (kaolinite) or the bedrock itself. 
 
As noted by Appelo and Postma (2005), weathering of K-feldspar is relatively difficult as it 
dissolution is controlled by surface processes and not transport.  Nesbitt et al. (1997) report its 
leach rate to be on the order of 10-11 to 10-12 mol·m-2·sec-1 under ambient temperature and 
pressure at pH 5; a decrease in pH to 3.5 can raise the dissolution by an order of magnitude.  
This weathering reaction releases potassium ions, leaving behind kaolinite clay [Al2Si2O5(OH)4], 
as seen in the equation below. 
 
444522283 42)(92)(2 SiOHKOHOSiAlOHHOAlSiK ++→++
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++  (Appelo and Postma 2005) 
 
Silica is also released by quartz weathering according to a dissolution rate on the order of 10-13 
mol·m-2·sec-1 under ambient temperature and pressure with pH less than 6 (Nesbitt et al. 1997; 
Appelo and Postma 2005).  This reaction generates silica in the form of silicic acid, as 
demonstrated below. 
 
4422 2 SiOHOHSiO →+              (Appelo and Postma 2005)  
 
Typically, fresh water contains 0.56-28mg/L of Si (Appelo and Postma 2005), a range in which 
Ramsay Prong falls at the low end with approximately 1.8-3.2mg/L of Si.  This was expected 
because sedimentary silicates (i.e., sandstone) are more resistant to erosion than igneous and 
metamorphic silicates due to the relatively large composition of detrital minerals, particularly 
quartz and clay in this case, that are essentially unable to be weathered.  Other GSMNP 
investigations have gleaned similar results; Cook et al. (1994) observed a range of 0.5-1.4mg/L, 
while Silsbee and Larson (1982) measured a band of approximately 2-5mg/L.  Nevertheless, 
silica concentrations in Ramsay Prong slightly increased both temporally and spatially from the 
top to the bottom of the channel.  The temporal trend can be attributed to the increasing 
contribution of groundwater to baseflow with less antecedent precipitation.  Due to the small 
amount of silica found in throughfall, a slight concentration jump was observed in the 
headwaters in July.  However, this addition did not reach the magnitude of August, indicating 
that groundwater is the main source of silica in Ramsay Prong.  The spatial fluctuation also 
bolsters this suggestion as the rise in silica loading rate reveals the existence of long 
groundwater flowpaths moving down the basin; longer contact with the saprolite results in 
greater accumulation of dissolved silica.   
 
Potassium is found in fresh water at approximately 0.39-7.8mg/L (Appelo and Postma 2005), 
but Ramsay Prong exhibited concentrations in the range of 4.2-12.5mg/L.  Other GSMNP 
streams have been recorded to contain approximately 0.5-2.0mg/L K (Silsbee and Larson 1982; 
Cook et al. 1994).  Ramsay Prong’s high-end values may be representative of the large volume 
of K-feldspar throughout the basin but are more likely caused by antecedent precipitation.  
Chemical analysis of throughfall illustrates that the basin was subjected to a mass of potassium 
several times larger than stream measurements.  However, since potassium in the stream was 
much less than in precipitation, potassium must have been taken up by vegetation prior to 
reaching the channel.  Moreover, because potassium concentrations accreted only with 
sufficient antecedent precipitation, it is apparent that a flushing mechanism had been 
activated in the headwaters; relatively old water was replaced by younger interflow.  
Presuming that during drought conditions, baseflow in the headwaters was well-dominated by 
groundwater, observations of declining potassium loading rates (when moving downslope from 
Ramsay Cascades) in August indicate that potassium did not source from storage in the high 
elevations.  However, the relatively large jump in accretion at the basin bottom is 
characteristic of long flowpaths through the bedrock.  Measurements of April baseflow—which 
was a mixture of interflow and groundwater—support this theory; the smaller recovery of 
potassium at the basin bottom denotes some contribution from groundwater. 
 
Precipitation provides a small amount of aluminum to the basin, but because the concentration 
of this metal in the stream water is equally low, much of the aluminum in Ramsay Prong can be 
attributed to this atmospheric deposition.  Additionally, inferences concerning the source of 
baseflow can be made based upon aluminum’s spatial and temporal fluctuations in the channel.  
While aluminum content steadily decreased from the top to the bottom of the catchment, its 
magnitude varied by date.  The macroscopic spatial pattern indicates a constant source of 
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aluminum in the high elevations with little to no addition moving down the channel.  Coupled 
with temporal observations, it is evident that the principle aluminum inputs are from 
precipitation.  However, based on August aluminum measurements at S6 and S7, some 
aluminum does source from baseflow.  The rise in concentration at the basin bottom is 
indicative of a large contribution of groundwater that has traveled long flowpaths in contact 
with kaolinite.  In contrast, the recovery of aluminum was not seen at the same magnitude in 
April because a smaller portion of baseflow sourced from groundwater. 
 
4.5.2.3 Other Species 
The remaining measured species (i.e., Ca, Mg, Na, NH4, Cl, Cu, Zn, Fe, and Mn) exhibited 
relatively stable concentrations on a global basis.  Some constituents did display somewhat 
erratic behavior between the monitoring sites, but these variations are simply indicative of 
local geology and residence times.  For instance, the marked rise in Ca and Mg between S6-S7 
in August is validation that long flow pathways exist in the basin; Ca and Mg source mainly from 
dolomite in the sandstone.  Furthermore, the consistent jump in loading rates of all species 
over this reach in August and April imply that the area is able to capture and retain water from 
both interflow and subsurface fluxes. 
 
4.5.2.4 Comparative Studies 
A year-long study across basins in GSMNP, including Ramsay Prong, by Silsbee and Larson (1982) 
found similar trends in dissolved constituents.  In particular, Si, K, and Na fell with increasing 
elevation, while the opposite is true for nitrate.  Calcium and magnesium showed no apparent 
patterns.  Furthermore, Silsbee and Larson (1982) agree that lower elevation areas exhibit 
longer groundwater retention and thus contain a greater amount of geologically-derived 
species. 
4.6 Stable Isotopes 
4.6.1 Results and Influences 
Oxygen (δ18O) and hydrogen (δ2H) isotopes in the streams, tributaries, and spring are presented 
via three approaches in Figures 10 through 12.  The first presents the data linearized by 
monitoring site to illustrate a spatial systemic mean; the second portrays the systemic 
differences on a temporal basis; the third compares the temporal variations by site. 
 
Deuterium and O-18 measurements are interpreted by comparison of a single investigation’s 
data with the meteoric water line (MWL).  By definition, the MWL is a plot of average O-18 
concentration (x-axis) versus deuterium concentration (y-axis) in precipitation.  Comparisons 
are performed between slopes as well as in terms of location on the graph (i.e., does the data 
sit above or below the MWL?).  In effect, deviations from the MWL are indicative of specific 
processes that the water has undergone after falling as precipitation.  A MWL has been 
developed for the globe, but some have also been reported for specific areas.  Implementation 
of a local MWL is ideal for a study that is relatively localized, such as this one, as it allows 
direct comparison of precipitation and stream water.  However, the global MWL can also be 
used when a local trend has not been established.  In this case, it is important to consider 
large-scale properties of the location, particularly latitude and distance from the coast, as 
precipitation isotopic composition varies predictably with these factors. 
 
A local MWL does not exist for this area, so the global MWL found by the United Nations 
International Atomic Energy Agency (IAEA), as described by Hoefs (2004), is utilized.  Compared 
to literature values for global precipitation (Clark and Fritz 1997), the data collected in this 




Deuterium enrichment can be caused by three factors: rock-water interactions, evaporation, 
and exchange with hydrogen sulfide (H2S).  However, the latter reaction is an extremely rare 
natural occurrence (Clark and Fritz 1997) and is not considered a viable explanation for 
deuterium enrichment in this investigation.  The enrichment is therefore attributed to 
evaporation in the basin and rock-water exchanges. 
 
Similar to deuterium, oxygen-18 fractionation is controlled by evaporation and rock-water 
interactions.  Evaporative mechanisms result in enrichment, while exchanges between minerals 
generate depleted conditions as O-18 tends to partition to the solid phase.  Relevant 
interactions for O-18 in stored groundwater of Ramsay Prong include those with quartz (SiO2), 
potassium feldspar, clay hydration waters, or carbonate (CO2) (Clark and Fritz 1997).  However, 
the carbonate fractionation reaction is atypical in nature, and isotope exchange with quartz 
(SiO2) occurs only at high temperatures (i.e., >100°C) (Clark and Fritz 1997).  Besides 
evaporation, the only probable explanations for O-18 concentration changes here are, 
therefore, interactions with K-feldspar and kaolinite hydration waters.  Table 2 presents the 
reactions between minerals and stable oxygen and hydrogen isotopes. 
4.6.2 Systemic Patterns 
Figure 10 shows that on average the basin is isotopically similar on a spatial basis.  In 
particular, the mean trend at all sites portrays a system that is enriched in either deuterium, 
depleted in O-18, or both.  The first explanation implies high evaporation rates, the second 








































Figure 10. Spatial relationship between deuterium and O-18 in Ramsay Prong, tributaries, 
and adjacent springs aggregated by location. 
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Figure 11. Temporal relationships between deuterium and O-18 in Ramsay Prong, 
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Table 2. Potential water-rock exchange reactions for 2H and 18O in Ramsay Prong basin. 
 
Mineral Isotope Exchange Reaction Reference 
K-Feldspar OHOKAlSiOHOOKAlSi 182832
18
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It is impossible to determine the exact situation because a local meteoric water line does not 
exist.  However, the trend lines do portray a deuterium excess (i.e., y-intercept) of 
approximately 30‰, the typical value for this latitude (SAHRA 2005), indicating that the 
isotopes do reflect a relationship that is expected for the region. 
4.6.3 Temporal Patterns 
The second isotope plot, Figure 11, illustrates the temporal relationship, specifically the source 
of baseflow with sampling date.  Most apparent is the observation that July experienced more 
enrichment in both deuterium and O-18 than either the early spring or late summer date.  This 
may be due to a difference in temperature during storm events; warmer temperature induces 
greater fractionation and thus more enriched precipitation (Clark and Fritz 1997; SAHRA 2005).  
Although this could explain the relative depletion in April, August likely experienced similar 
temperatures as July.  Therefore, a second mechanism was in affect—evaporation.  July 
baseflow was most likely dominated by shallowly stored interflow such that, prior to becoming 
baseflow, it was subjected to evaporative mechanisms to a greater extent than the baseflow 
source water in August (and April).  In essence, July’s antecedent precipitation had replaced a 
large amount of this shallow storage, flushing it out as baseflow. This replacement of “old” 
water with “new” water in the saturated and near-saturated zones has also been detected 
through tracer experiments in the Cairngorms region of Scotland (Soulsby et al. 2000).  In fact, 
the storm hydrograph was dominated by the older isotopic character, indicating that 
precipitation from the recent storm event had remained in the subsurface. 
 
Another important point to confirm baseflow source is the deuterium excess in April indicates 
that the sampled water did not source from snowpack (at any significant level); if it had, 
deuterium depletion would have been observed, particularly in April. 
4.6.4 Spatial Patterns 
Spatial variations in isotopic concentrations are visible in Figure 12.  Most apparent is the 
transition from a larger range of concentrations in the higher elevations to a narrower range in 
the lower altitudes.  This trend indicates a greater degree of GW-SW interaction with 
movement toward the basin bottom.  In effect, the convergence of these values illustrates that 
mixing occurs as water travels to the lower part of the catchment where baseflow becomes 
more reflective of the mean groundwater character. 
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Figure 12 also characterizes the baseflow sources within subbasins.  As Hoefs (2004) describes, 
isotopic dissimilarities between precipitation and groundwater recharge are caused by (1) 
recharge from surface water bodies that are partly evaporated, (2) recharge exhibiting variant 
isotopic composition due to its generation during a different climatic period, and (3) isotopic 
fractionation induced by interactions with soil, the aquifer, or geologic formations.  Any of 
these three mechanisms could play a role in Ramsay Prong basin, but further investigations to 
specifically sample groundwater and precipitation are warranted.  Results from this study can 
speak only on a qualitative basis regarding streamflow. 
 
Baseflow is indeed affected by the rate of evaporation across the catchment, but isotopic 
fluctuations within the subbasins are also indicative of reactions with the bedrock and 
kaolinite.  In the case of O-18, if the partitioning is relatively small, the effect may be 
mitigated by the magnitude of evaporation, while with regard to deuterium, if the partitioning 
is large, the result would be enhanced by evaporation.  As a result, interaction with bedrock 
and possibly kaolinite is identified by simultaneous enrichment of deuterium and dampening or 
stabilization of O-18.  Reach S6-S7 as well as T2 may be incurring this situation in August as a 
substantial enrichment in deuterium is accompanied by a meager enrichment in O-18.  
Additionally, the opposite signs in slopes of deuterium and O-18 concentrations between S4 and 
S5 in August clearly point to exchange between the rock-water interface.  These trends 
suggest, as before, that the lower portions of the basin receive a greater contribution to 
baseflow from groundwater stored in contact with the bedrock.  Furthermore, as these 
patterns are only observed in August, this month must have incurred the largest percentage of 




5.1 Drought Implications 
During the course of this study, drought decreased the hydraulic head during baseflow across 
the Ramsay Prong basin.  The amount of groundwater in storage (and thus comprising baseflow) 
was reduced, and, in effect, the observed discharge is low baseflow.  However, as stated 
previously, decades to centuries of climate change are necessary for permanent modifications 
in the GW-SW relationship.  Therefore, trends in GW-SW interactions cannot have been altered, 
yet, as the drought has persisted for an inadequate duration of time.  It is thus assumed in this 
discussion that observations during the investigation reflect typical qualitative exchanges 
between groundwater and surface water in Ramsay Prong basin. 
5.2 Conceptual Model 
The observed trends in geology, topography, geochemistry, and climate are indicative of a 
system exhibiting diffuse groundwater recharge with little storage in the high elevations and 
focused recharge with relatively large storage in the lower elevations.  Interflow is directed 
downhill by a relatively thin layer of weathered rock and soil that appears largely confined by 
an underlying low permeability bedrock unit.  However, a shallow fracture system in the 
sandstone bedrock may exist, funneling groundwater to the lower elevations.  In effect, the 
system acts as a slowly draining tank, temporally cycling between refill and release periods at 
the bottom of the basin.  Additionally, areas of bedrock depressions may exist that hinder 
baseflow supply during low flow conditions.  However, this also leads to increased residence 
time such that increased mineral dissolution occurs.  A conceptual diagram of the Ramsay 











A mixture of shallow groundwater storage and interflow is the main contributor to baseflow in 
Ramsay Prong climate.  During periods of abundant precipitation, interflow makes up the 
greatest percentage of baseflow, while durations that experience a lower amount of 
precipitation generate baseflow from groundwater storage.  In turn, drought conditions require 
that nearly all baseflow sources from storage in the saturated zone (Smakhtin 2001).  Brunke 
and Gonser (1997) found this behavior typical for regional GW-SW exchanges. 
 
Fracture networks may play a role in supplying baseflow from these aforementioned shallow 
storage areas.  A large network extending throughout the basin or small pockets of fractures 
may capture and supply water to the channel; both saprolite and bedrock fractures likely exist.  
However, due to the predominantly consistent geochemistry in the catchment, these 
networks—if they exist—are disconnected from deep aquifer storage.  (If connection to deep 
storage did exist, baseflow would have been better maintained.)  Nevertheless, these networks 
are the catalysts of long flow paths throughout the basin. 
 
Streamflow losses along Ramsay Prong appear to be caused by two different mechanisms: 
evaporation and downward fluxes through the alluvium.  Such an observation was anticipated 
as these losses are fundamentally characteristic of mountainous terrain, particularly in the low 
elevations (Fetter 2001; Bartolino and Cole 2002).  Moreover, Ramsay Prong may exhibit 
substantial bedrock depressions, particularly between S4 and S5.  Once filled, these bowls 
sustain baseflow in the lower altitudes of the basin.  It is important to note that higher 
altitudes did not exhibit streamflow loss, even with endured drought.  Based on observations in 
slope and soil cover in these areas, it is likely that the principal source of water is somewhere 
above the cascades and not within the higher reaches. 
5.3 Ecological Implications 
Ramsay Prong basin does not exhibit the characteristics needed to withstand continued acid 
deposition, especially if global warming (and reduced precipitation) persists.  As reflected by 
the low ANC values and high acid composition, this is not a well-buffered system.  Such 
sensitivity in high-altitude catchments appears to be common in GSMNP.  Nodvin et al. (1995) 
found the same situation in nearby Noland Divide, noting pH values under 6 and ANC below 
40μeq/L, and Cook et al. (1994) reported values not exceeding 6.4 for pH and 28μeq/L for 
ANC.  However, as evidenced by the relatively higher concentrations of aluminum in the 
headwaters, some neutralization power does exist via the dissolution of K-feldspar and 
kaolinite. 
 
The sensitivity of Ramsay Prong to acid deposition has notable ecological implications.  In 
particular, less-hardy fish species, such as native brook trout, may be eradicated from the 
stream, particularly in the high elevation reaches.  Only the very bottom of the basin may 
prove suitable for these sensitive fauna.  In fact, Neff (2007) reported that only 0.2-km of 
Ramsay Prong at or below an elevation of 821m currently supports brook trout, whereas 1.0km 
was supportive at up to 914m in 1985 (Bivens et al. 1985).  It is evident that the low buffering 
capability of Ramsay Prong basin will result in habitat depletion for certain fish species if acidic 
inputs are not mitigated. 
 
The onset of global warming warrants predictions for continued drought conditions.  Should 
precipitation continue to wane, baseflow will eventually be depleted.  Ramsay Prong 
catchment does not have the ability to store water at the higher elevations, and storage at its 
base is limited.  Persisting temperature increases with reduced precipitation will undoubtedly 





This study presents a methodology for evaluating GW-SW patterns in areas where data 
collection is limited due to a remote location and legal protection.  Hydrologic, geochemical, 
and isotopic parameters are measured on three dates at six key points along a main channel in 
GSMNP.  Inferences from this data encompass the following: 
 
1. Poor soil cover, steep slopes, and low permeability bedrock result in a storage capacity 
that is insufficient to supply typical baseflow volume in the headwaters during 
extended dry periods; 
 
2. Baseflow is supplied by interflow as well as shallow groundwater storage.  The portion 
of baseflow comprised by interflow increases with increasing antecedent precipitation. 
 
3. A shallow fracture network likely provides long flowpaths for water to travel toward 
the basin bottom. 
 
4. Diffuse groundwater recharge occurs mainly in the headwaters where steep slopes 
dominate the topography, while focused recharge occurs in bedrock depressions and at 
the end of the channel. 
 
5. Acid neutralization is best facilitated at the bottom of the catchment where sufficient 
alluvium exists to capture and recharge the basin water supply. 
 
This study was constructed as an initial investigation of Ramsay Prong basin and, as such, could 
generate only a general characterization of the catchment.  It is recommended that further 
probing be performed to validate and improve the conclusions of this research.  Such ventures 
should include: frequent and routine discharge measurements along the main channel; 
discharge measurements of the tributaries; spatial identification and additional geochemical 
and isotopic characterization of major springs; soil classification throughout the basin; and 
monitoring of precipitation volume and chemistry throughout the catchment.  Ecosystem 
health should also be reviewed as continued acid deposition without sufficient groundwater 
recharge will likely propagate environmental damage. 
 
Despite the challenges with conducting field investigations in remote and legally protected 
areas, this study has shown the importance of continuing such efforts in order to better 
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Appendix A: Raw Data 
 
Table 3. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 2 in Ramsay Prong on 10 April 2007. 
 
Date: 10 April 2007 Time: 4:30pm   
Velocity, v (ft/s) Sample 
No. 
Distance from 
Bank, b (ft) 
Water Depth, 
h (ft) 
Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 2 0.40 0.08 0.06 0.04 
3 4 0.30 0.03 0.05 0.02 
4 6 0.30 0.04 0.02 0.01 
5 8 1.00 -0.04 -0.01 -0.04 
6 10 1.10 0.10 0.10 0.07 
7 12 1.10 0.10 0.11 0.09 
8 14 0.60 0.32 0.23 0.20 
9 16 0.00 0.00 0.00 0.00 
10 18 0.70 0.27 0.27 0.28 
11 20 0.00 0.00 0.00 0.00 






Table 4. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 2 in Ramsay Prong on 10 July 2007. 
 
Date: 10 July 2007 Time: 1:24pm     
Velocity, v (ft/s) Sample 
No. 
Distance from 
Bank, b (ft) 
Water Depth, 
h (ft) 
Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.20 0.00 -0.04 -0.02 
3 2 0.20 0.00 -0.02 -0.01 
4 3 0.00 0.00 0.00 0.00 
5 4 0.00 0.00 0.00 0.00 
6 5 0.20 0.91 0.86 0.90 
7 6 0.00 0.00 0.00 0.00 
8 7 0.00 0.00 0.00 0.00 
9 8 0.00 0.00 0.00 0.00 
10 9 0.00 0.00 0.00 0.00 
11 10 0.00 0.00 0.00 0.00 
12 11 0.00 0.00 0.00 0.00 
13 12 0.50 0.89 0.90 0.91 
14 13 0.40 0.76 0.75 0.74 
15 14 0.70 0.21 0.34 0.24 
16 15 0.60 0.41 0.33 0.38 
17 16 0.70 0.56 0.73 0.68 
18 17 0.80 0.74 0.75 0.73 
19 18 0.45 0.71 0.67 0.65 
20 19 0.55 0.45 0.46 0.44 
21 20 0.70 0.45 0.49 0.47 
22 21 0.10 0.29 0.33 0.37 
23 22 0.80 0.21 0.25 0.45 
24 23 1.00 0.25 0.27 0.18 
25 24 0.00 0.00 0.00 0.00 




Table 5. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 2 in Ramsay Prong on 7 August 2007. 
 
Date: 7 August 2007 Time: 2:00pm     
Velocity, v (ft/s) Sample 
No. 
Distance from 
Bank, b (ft) 
Water Depth, 
h (ft) 
Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.00 0.00 0.00 0.00 
3 2 0.00 0.00 0.00 0.00 
4 3 0.00 0.00 0.00 0.00 
5 4 0.10 -0.08 -0.07 -0.07 
6 5 0.00 0.00 0.00 0.00 
7 6 0.00 0.00 0.00 0.00 
8 7 0.00 0.00 0.00 0.00 
9 8 0.00 0.00 0.00 0.00 
10 9 0.00 0.00 0.00 0.00 
11 10 0.00 0.00 0.00 0.00 
12 11 0.00 0.00 0.00 0.00 
13 12 0.00 0.00 0.00 0.00 
14 13 0.90 0.36 0.41 0.42 
15 14 0.25 0.74 0.75 0.73 
16 15 0.00 0.00 0.00 0.00 
17 16 0.00 0.00 0.00 0.00 
18 16.5 0.25 0.61 0.60 0.60 
19 17 0.70 0.39 0.38 0.40 
20 18 0.80 0.22 0.22 0.23 
21 19 0.60 0.08 0.07 0.06 
22 20 0.90 0.01 0.01 -0.01 
23 21 0.70 0.11 0.12 0.12 
24 22 0.80 0.15 0.17 0.18 
25 23 1.00 0.21 0.22 0.22 
26 24 0.70 0.11 0.12 0.10 
27 25 0.00 0.00 0.00 0.00 




Table 6. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 3 in Ramsay Prong on 10 April 2007. 
 
Date: 10 April 2007 Time: 2:35pm     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.35 0.06 0.05 0.02 
3 2 0.00 0.00 0.00 0.00 
4 3 0.50 0.29 0.32 0.38 
5 4 0.55 0.05 0.07 0.09 
6 5 0.50 0.20 0.18 0.19 
7 6 0.00 0.00 0.00 0.00 
8 7 0.60 0.35 0.38 0.51 
9 8 2.05 1.95 0.81 0.75 
10 9 1.00 0.32 0.27 0.26 
11 10 0.20 1.33 1.37 1.47 
12 11 0.20 0.77 0.79 0.82 
13 12 0.35 -0.10 -0.09 -0.07 
14 13 0.00 0.00 0.00 0.00 
15 14 0.00 0.00 0.00 0.00 
16 15 0.00 0.00 0.00 0.00 
17 16 0.00 0.00 0.00 0.00 
18 17 0.00 0.00 0.00 0.00 
19 18 0.40 -0.14 -0.12 -0.13 
20 19 0.20 -0.02 -0.04 -0.07 
21 20 0.00 0.00 0.00 0.00 






Table 7. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 3 in Ramsay Prong on 10 July 2007. 
 
Date: 10 July 2007 Time: 11:30am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.00 0.00 0.00 0.00 
3 2 0.60 -0.16 -0.16 -0.16 
4 3 0.70 0.66 0.72 0.75 
5 4 0.75 0.16 0.23 0.30 
6 5 0.20 0.72 0.59 0.52 
7 6 0.80 0.56 0.52 0.52 
8 7 0.30 0.43 0.46 0.43 
9 8 1.00 0.59 0.69 0.66 
10 9 1.20 0.75 0.79 0.75 
11 10 0.60 1.12 0.98 0.95 
12 11 0.40 0.98 0.95 0.89 
13 12 1.00 0.82 0.66 0.62 
14 13 0.40 0.36 0.33 0.16 
15 14 0.80 0.13 0.20 0.00 
16 15 0.00 0.00 0.00 0.00 
17 16 0.00 0.00 0.00 0.03 
18 17 0.40 0.36 0.23 0.07 
19 18 0.40 -0.10 -0.07 0.03 
20 19 0.90 0.10 0.07 0.10 
21 20 0.30 0.10 0.13 0.00 
22 21 0.00 0.00 0.00 0.00 






Table 8. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 3 in Ramsay Prong on 7 August 2007. 
 
Date: 7 August 2007 Time: 2:35pm     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.70 0.06 0.06 0.07 
3 2 0.60 0.05 0.05 0.04 
4 3 0.40 -0.28 -0.27 -0.26 
5 4 0.65 0.07 0.06 0.05 
6 5 0.80 0.33 0.37 0.40 
7 6 1.05 0.68 0.70 0.79 
8 7 1.20 0.24 0.36 0.38 
9 8 0.30 0.95 1.10 0.88 
10 9 0.00 0.00 0.00 0.00 
11 10 0.00 0.00 0.00 0.00 






Table 9. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 4 in Ramsay Prong on 10 April 2007. 
 
Date: 10 April 2007 Time: 1:55pm     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.95 -0.13 -0.14 -0.13 
3 2 1.30 0.11 0.14 0.07 
4 3 1.20 0.34 0.30 0.36 
5 4 2.60 1.43 1.42 1.33 
6 5 0.00 0.00 0.00 0.00 
7 6 0.00 0.00 0.00 0.00 
8 7 0.00 0.00 0.00 0.00 
9 8 1.25 0.21 0.15 0.23 
10 9 1.80 0.27 0.26 0.28 
11 10 1.25 0.20 0.18 0.20 
12 11 1.35 0.19 0.13 0.16 
13 12 0.95 0.02 0.01 0.02 
14 13 0.75 0.03 0.04 0.05 
15 14 0.00 0.00 0.00 0.00 
16 15 0.60 0.37 0.36 0.34 
17 16 0.00 0.00 0.00 0.00 
18 17 0.00 0.00 0.00 0.00 
Average (ft): 0.78    
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Table 10. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 4 in Ramsay Prong on 10 July 2007. 
 
Date: 10 July 2007 Time: 10:55am     









(ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.00 0.00 0.00 0.00 
3 2 0.00 0.00 0.00 0.00 
4 3 0.00 0.00 0.00 0.00 
5 4 0.00 0.00 0.00 0.00 
6 5 0.00 0.00 0.00 0.00 
7 6 0.00 0.00 0.00 0.00 
8 7 0.75 2.89 2.79 2.99 
9 8 1.00 2.36 1.94 2.13 
10 9 0.20 1.38 1.31 1.41 
11 10 0.05 1.61 1.21 1.28 
12 11 0.00 0.00 0.00 0.00 
13 12 0.00 0.00 0.00 0.00 
14 13 0.00 0.00 0.00 0.00 
15 14.5 1.00 2.82 2.72 2.99 
16 15 0.00 0.00 0.00 0.00 






Table 11. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 4 in Ramsay Prong on 7 August 2007. 
 
Date: 7 August 2007 Time: 11:45am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.95 -0.08 -0.07 -0.09 
3 2 1.10 0.07 0.04 0.05 
4 3 0.60 2.57 2.59 2.67 
5 4 1.00 -0.25 -0.26 -0.30 
6 5 0.10 0.10 0.17 0.11 
7 6 0.20 1.42 1.44 1.38 
8 7 0.20 0.72 0.75 0.78 
9 8 0.25 -0.13 -0.11 -0.12 
10 9 0.40 0.67 0.88 1.05 
11 10.5 0.10 0.41 0.44 0.45 
12 11 0.00 0.00 0.00 0.00 
Average (ft): 0.41    
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Table 12. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 5 in Ramsay Prong on 10 April 2007. 
 
Date: 10 April 2007 Time: 12:21pm     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 2 0.90 0.59 0.56 0.57 
3 4 0.70 0.33 0.34 0.37 
4 6 0.00 0.00 0.00 0.00 
5 8 0.00 0.00 0.00 0.00 
6 10 0.20 0.20 0.20 0.20 
7 12 0.80 -0.15 -0.18 -0.20 
8 14 1.00 0.41 0.42 0.37 
9 16 1.50 -0.13 -0.09 -0.11 
10 18 1.50 0.40 0.33 0.31 
11 20 1.80 0.07 0.04 0.03 
12 22 0.60 -0.42 -0.39 -0.37 
13 24 0.20 0.03 0.02 0.01 
14 26 0.00 0.00 0.00 0.00 







Table 13. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 5 in Ramsay Prong on 7 August 2007. 
 
Date: 7 August 2007 Time: 10:17am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 1.20 0.56 0.50 0.43 
3 3 0.50 0.31 0.27 0.25 
4 5 0.70 0.76 0.74 0.72 
5 7.5 1.50 0.53 0.54 0.54 
6 9 0.00 0.00 0.00 0.00 
7 11 0.70 -0.09 -0.10 -0.10 
8 13 1.20 -0.17 -0.14 -0.13 
9 15 1.80 -0.22 -0.17 -0.16 
10 17 1.30 0.05 0.03 0.06 
11 19 1.50 0.10 0.05 0.04 
12 21 1.80 -0.23 -0.23 -0.24 
13 23 0.50 -0.17 -0.18 -0.18 
14 25 0.20 -0.18 -0.16 -0.15 
15 27 0.00 0.00 0.00 0.00 
Average (ft): 0.86    
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Table 14. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 6 in Ramsay Prong on 10 April 2007. 
 
Date: 10 April 2007 Time: 11:35am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 4 0.00 0.00 0.00 0.00 
3 5 1.00 -0.13 -0.18 -0.16 
4 6 0.90 -0.09 -0.12 -0.15 
5 7 1.10 2.49 2.57 1.94 
6 8 1.15 1.76 1.81 1.93 
7 9 0.00 0.00 0.00 0.00 
8 10 0.30 -0.26 -0.27 -0.22 
9 11 0.25 -0.11 -0.03 -0.04 
10 12 0.50 0.29 0.31 0.25 
11 13 0.60 0.79 0.56 0.60 
12 14 0.55 -0.16 -0.13 -0.14 
13 15 0.00 0.00 0.00 0.00 





Table 15. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 6 in Ramsay Prong on 7 August 2007. 
 
Date: 7 August 2007 Time: 9:48am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.00 0.00 0.00 0.00 
3 2 0.10 0.28 0.33 0.46 
4 3 0.40 2.08 3.59 1.74 
5 4 0.30 3.32 3.04 1.73 
6 5 0.00 0.00 0.00 0.00 
7 6 1.30 0.65 1.16 0.57 
8 7 0.55 1.94 1.31 1.98 
9 8 0.40 0.55 0.48 1.10 
10 9 1.00 1.18 0.61 0.65 
11 10 0.50 2.92 3.08 2.93 
12 11 1.00 1.01 1.64 1.34 
13 12 0.30 -0.36 -0.08 -0.10 
14 13 0.00 0.00 0.00 0.00 
15 14 0.00 0.00 0.00 0.00 
16 15 0.60 1.77 1.18 1.10 
17 16 0.00 0.00 0.00 0.00 
Average (ft): 0.38    
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Table 16. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 7 in Ramsay Prong on 10 April 2007. 
 
Date: 10 April 2007 Time: 9:45am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 8 0.00 0.00 0.00 0.00 
3 13 1.45 0.87 0.86 1.09 
4 15 0.35 1.20 1.58 1.43 
5 17 0.12 0.08 0.12 0.13 
6 19 0.19 -0.37 -0.03 -0.35 
7 21 0.00 0.00 0.00 0.00 
8 23 0.45 1.59 1.92 1.67 
9 25 0.00 0.00 0.00 0.00 
10 27 0.60 0.43 0.56 0.48 
11 29 0.20 1.13 0.97 1.20 
12 31 0.23 0.14 0.18 0.27 
13 33 0.10 0.00 0.00 0.00 
14 35 0.00 0.00 0.00 0.00 
15 37 0.00 0.00 0.00 0.00 
16 39 0.00 0.00 0.00 0.00 
17 41 0.60 -0.05 -0.04 -0.02 
18 43 0.00 0.00 0.00 0.00 





Table 17. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 7 in Ramsay Prong on 10 July 2007. 
 
Date: 10 July 2007 Time: 8:58am     









(ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 2 0.25 0.13 0.16 0.13 
3 4 0.00 0.00 0.00 0.00 
4 6 0.00 0.00 0.00 0.00 
5 8 0.30 -0.33 -0.26 -0.26 
6 10 0.50 1.08 1.12 1.12 
7 12 0.90 1.64 1.61 1.64 
8 14 0.60 -0.56 -0.49 -0.36 
9 16 0.00 0.00 0.00 0.00 
10 18 0.00 0.00 0.00 0.00 
11 20 0.00 0.00 0.00 0.00 
12 22 0.00 0.00 0.00 0.00 
13 24 0.00 0.00 0.00 0.00 
14 26 0.10 0.62 0.49 0.56 
15 28 0.00 0.00 0.00 0.00 
16 30 0.00 0.00 0.00 0.00 
17 32 0.60 -0.16 -0.20 -0.13 
18 34 0.60 0.36 0.33 0.39 
19 36 0.40 1.12 1.02 1.02 
20 38 0.50 0.33 0.36 0.56 
21 40 0.00 0.00 0.00 0.00 
22 42 0.00 0.00 0.00 0.00 





Table 18. Raw velocity measurements, including distance from the bank and water depth at 
each point of measure, for Site 7 in Ramsay Prong on 7 August 2007. 
 
Date: 7 August 2007 Time: 8:30am     
Velocity, v (ft/s) Sample 
No. 
Distance 
from Bank, b 
(ft) 
Water 
Depth, h (ft) Trial 1 Trial 2 Trial 3 
1 0 0.00 0.00 0.00 0.00 
2 1 0.10 -0.02 -0.02 -0.02 
3 3 0.60 -0.03 -0.07 0.02 
4 5 0.70 0.01 -0.04 -0.06 
5 7 0.90 -0.22 -0.16 -0.17 
6 9 2.05 0.32 0.28 0.28 
7 11 1.85 0.41 0.45 0.91 
8 13 1.10 0.91 0.96 0.90 
9 15 2.00 0.86 0.96 0.99 
10 17 1.90 0.49 0.44 0.85 
11 19 1.10 0.38 0.65 0.12 
12 21 0.00 0.00 0.00 0.00 
13 23 0.00 0.00 0.00 0.00 
14 25 2.30 2.77 2.32 2.93 
15 27 0.00 0.00 0.00 0.00 
16 29 0.00 0.00 0.00 0.00 
17 31 0.70 0.18 0.20 0.21 
18 33 0.00 0.00 0.00 0.00 
19 35 0.20 0.61 0.66 0.73 
20 37 0.55 0.55 0.70 1.06 
21 39 0.00 0.00 0.00 0.00 








Figure 14. Mass loading rates with distance upstream from Site 7 for major ions in Ramsay 
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Figure 15. Mass loading rates with distance upstream from Site 7 for trace metals and total 
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Table 19. Water quality parameters recorded in precipitation throughfall near Site 6 on the 










06/01/06 19.11 4.73 152.18 
06/28/06 16.46 6.24 55.26 
07/31/06 19.67 5.83 27.48 
09/08/06 17.96 6.01 37.75 
09/30/06 14.63 6.17 47.22 
11/03/06 24.60 5.54 37.98 
12/01/06 12.36 5.47 18.29 
01/02/07 13.94 5.14 4.66 
02/09/07 13.41 5.45 9.96 
02/28/07 30.20 5.18 8.44 
03/03/07 13.29 5.08 6.85 
03/16/07 19.69 4.93 -0.55 
04/29/07 47.70 6.01 157.44 
05/30/07 33.40 6.66 162.39 
06/15/07 25.50 6.09 56.98 
06/21/07 17.86 6.05 38.80 
07/03/07 12.98 5.02 -4.54 
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Table 20. Concentrations of major ions recorded in precipitation throughfall near Site 6 on 




Cl NO3-N SO4 NH4-N H Na K Mg Ca 
Date 
μeq/L μeq/L μeq/L μeq/L μeq/L μeq/L μeq/L μeq/L μeq/L 
06/01/06 24.65 13.94 35.79 24.48 18.45 28.48 65.24 15.96 30.92 
06/28/06 6.80 3.32 36.61 3.04 0.58 5.66 68.69 22.86 25.40 
07/31/06 8.48 10.95 69.64 18.40 1.46 6.23 46.57 21.54 34.52 
09/08/06 3.87 5.36 64.90 1.14 0.98 3.74 62.35 20.96 51.60 
09/30/06 7.26 4.50 39.92 8.19 0.68 2.73 63.66 13.35 35.50 
11/03/06 12.27 1.13 48.57 0.06 2.90 5.56 147.00 36.08 26.99 
12/01/06 9.45 5.10 35.31 4.70 3.42 6.10 35.76 14.87 28.83 
01/02/07 10.74 12.16 42.48 1.23 7.27 5.91 35.41 14.46 43.32 
02/09/07 19.20 7.00 40.31 0.98 3.54 10.75 31.81 16.11 46.44 
02/28/07 71.50 30.66 81.18 18.55 6.64 65.63 53.35 32.27 91.72 
03/03/07 12.04 7.80 30.44 6.00 8.25 11.67 27.80 14.57 51.40 
03/16/07 21.29 4.29 53.09 5.44 11.66 16.27 53.96 23.41 56.94 
04/29/07 41.03 45.11 109.41 14.45 0.97 29.92 62.98 75.54 192.78 
05/30/07 13.46 4.50 74.93 14.45 0.22 13.27 89.65 66.12 115.47 
06/15/07 11.93 24.53 79.20 NR 0.81 8.99 87.29 35.99 60.97 
06/21/07 12.54 2.54 55.69 1.02 0.88 12.04 63.14 23.94 57.40 
07/03/07 17.24 14.81 41.67 9.37 NR NR NR NR NR 
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Al Cu Fe Mn Si Zn 
Date 
ppm ppm ppm ppm ppm ppm
06/01/06 0.14 BDL 0.11 0.03 0.36 0.02 
06/28/06 0.03 BDL 0.02 0.02 0.06 0.04 
07/31/06 0.23 BDL 0.03 0.04 0.02 0.08 
09/08/06 0.03 BDL BDL 0.03 0.15 0.42 
09/30/06 0.03 BDL BDL 0.02 0.11 0.35 
11/03/06 0.06 BDL 0.02 0.13 0.04 BDL 
12/01/06 BDL 0.04 BDL 0.04 BDL 0.06 
01/02/07 BDL BDL BDL 0.04 0.02 0.07 
02/09/07 BDL BDL BDL 0.03 BDL 0.11 
02/28/07 0.02 BDL 0.01 0.03 BDL 0.22 
03/03/07 0.03 BDL BDL 0.03 0.03 0.12 
03/16/07 0.08 BDL 0.01 0.06 BDL 0.06 
04/29/07 0.03 BDL 0.03 0.09 0.06 0.33 
05/30/07 0.04 BDL 0.23 BDL 0.06 0.17 
06/15/07 BDL BDL BDL 0.01 0.16 0.24 
06/21/07 0.02 BDL BDL 0.01 0.09 0.27 










































Figure 16.  Ramsay Prong stage data measured at 15-minute intervals by the UT monitoring 
station sonde situated approximately 0.1mi downstream from Site 6. 
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Appendix B: Sample Calculations 
B.1 Ramsay Prong Discharge 
 
For a rectangular (inner) section:     
    
    
 
 
   
 where  discharge through the partial section x, L/s   
 
 
distance from bank to next point of measure x+1, m  
 
 
distance from bank to preceding point of measure x-1, m  
 
 depth of water throughout the partial section x, m  
 
 average velocity through the partial section x, m/s  
     
For a trapezoidal (end) section:    
    
    
    
 
 
   
       
Total Discharge:      
     
     
 
 
    




B.2 Mass Loading Rate 
 




MwMcQCq ii =  
  
 where       =iq  mass loading rate of ion i, mg/s  
 =Q  flow rate at point of measure, L/s 
 =iC  concentration of ion i recorded at point of measure, eq/L 
 =Mw  molecular weight of ion, g/mol 
 =Mc  molecular charge of ion, eq/mol 
   





























MwQCq ii =  
  
 where       =iq  mass loading rate of specie i, mg/s  
 =Q  flow rate at point of measure, L/s 
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